The free ligand, deferroviridomycin A, and its iron(II) complex, viridomycin A, were detected in culture supernatant fluids of Streptomyces tiridans 1671 and were structurally characterized as 4-hydroxy-3-nitrosobenzaldehyde and tris(4-hydroxy-3-nitrosobenzaldehydato-N 8, 04)ferrate(II), respectively. We investigated the antibiotic activity of the above compounds and of the chemically synthesized bis copper(II), tris cobalt(III), and tris nickel(II) complexes against Escherichia coli NIHJ, Salmonella typhimurium LT-2Z, Staphylococcus aureus 209P, Streptococcus faecium 10541, and Bacillus cereus T. The free ligand and its kinetically labile copper(II) and nickel(II) complexes displayed activity against all of the above organisms, whereas the kinetically inert iron(II) and cobalt(III) complexes displayed activity only against S. aureus and B. cereus. The antibiotic activity of the substitutionally labile metal complexes was attributed to dissociation of the free ligand. The mode of antibiotic action of the free ligand against E. coli appears to be interference with the structural and functional integrity of the cell membrane.
Several Actinomyces (Streptomyces) species produce extracellular iron-containing green pigments which display antibiotic activity (3, 13, 16) . For example, in iron-containing culture media Actinomyces viridaris 1876 produces virndomycin A, which inhibits the growth of grampositive bacteria such as Staphylococcus aureus and Bacillus subtilis, but has no effect on gramnegative bacteria and fungi (3). The green product chemically prepared from 4-hydroxy-3-nitrosobenzaldehyde and iron(II) was shown by Khokhlov and Blinova to have chemical and physical properties identical to those of viridomycin A (13). Viridomycin A was structurally formulated as bis(4-hydroxy-3-nitrosobenzaldehydato-N 3,04)-iron(II), Fe(C7H4NO:3)2 and was shown to be substitutionally inert (13) . The free ligand, 4-hydroxy-3-nitrosobenzaldehyde (defer- The structural formulation of viridomycin A seemed odd to us since the chemical structure of ferroverdin (1), the intracellular green pigment of Streptomyces Wak. no. A-305, had previously been confirmed to be tris(p-vinylphenyl-4-hydroxy-3-nitrosobenzoato-Nt, 04)ferrate(II) (4) , i.e., an octahedral iron(II) complex with three identical o-nitrosophenol ligands. We report here that viridomycin A should be formulated as tris(4-hydroxy-3-nitrosobenzaldehydato-Nt,04)ferrate (II) , that the nickel(II) and cobalt(III) complexes are likewise octahedral tris complexes, and that the copper(II) complex is a square-planar bis complex. The antibiotic activity of these metal complexes and the free ligand against the bacterial test strains-grampositive S. aureus 209P, Streptococcus faecium 10541, and Bacillus cereus T and gram-negative Escherichia coli NIHJ and Salmonella typhimurium LT-2Z-is described. In particular, the mode of antibiotic action of the free ligand against E. coli NIHJ was determined.
The structural composition and substitutional lability of viridomycin A were first ascertained. Viridomycin A was isolated from the culture supernatant fluids of Streptomyces tiridans 1671 (ATCC 19849) grown at room temperature in synthetic SR-I medium (16) , which was supplemented with 0.5 g of ferric citrate and 20 g of glycerol per liter of tap water instead of glucose. The green culture supernatant fluids were saturated with ammonium sulfate, and the resulting suspension was extracted with benzyl alcohol and further treated by a previously described procedure (20) . The crude material was chromatographed on kieselgel D-O silica gel (Camag Inc., New Berlin, Wis.) with 25g4 CH.OH-CHCL, as the eluant according to an earlier procedure (14) . Viridomycin A was converted into the sodium salt by ion-exchange chromatography on AG50W-X2 (200 to 400 mesh, sodium form) (Bio-Rad Laboratories, Richmond, Calif.) with water as the eluant and was recrystallized from acetone-hexane at room temperature.
Alternatively, viridomycin A could be chemically prepared. A solution of 4-hydroxy-3-nitrosobenzaldehyde (see below) in ethyl acetate was washed with aqueous ferrous ammonium sulfate solution and with saturated sodium chloride solution and dried over MgSO4. Viridomycin A was recrystallized as described above.
Chemically prepared viridomycin A had identical elemental analyses (Table 1) When S. tiridans was cultured in our modified SR-I medium without iron(III), the free ligand was detected in culture supernatant fluids by the addition of iron(II) or cobalt(II), followed by isolation and characterization of viridomycin A or the cobalt(III) analog (see below), respectively (data not shown). Therefore, the free ligand was a natural product under transition metal ion-limiting conditions. The free ligand was most conveniently obtained by treatment of its copper(II) complex (see below) with aqueous acid, followed by extraction of the product with ethyl acetate, as described earlier (5). The free ligand was stable in the dry state at 40C for 1 week, whereas an ethyl acetate solution was stable for up to 1 month at 4°C. In contrast to a previous report of the instability of the free ligand in neutral solution (3), the free ligand was ascertained to be stable at neutral pH for up to 16 h at 37°C (data not shown). CH:30H "Minimal medium A (15, 23) was used for E. coli NIHJ (ATCC 26) and S. typhimurium LT-2Z (M. Luckey); medium SAM (2) was used for S. aureus 209P (ATCC 6938P); and modified G medium (11) , which was supplemented with 1 g of Casamino Acids (Difco certified) per liter instead of yeast extract and which omitted the MnSO4.5H20, CuSO1.-5H20, and FeSO4.7H20, was employed for B. cereus T (W. Brown). The B. cereus medium, which was modified to contain 1 g of peptone (Difco certified) per liter instead of Casamino Acids, was used for S. faecium ATCC 10541. Stock solutions of compounds were prepared immediately before testing by an earlier procedure (2), and their concentrations were determined spectrophotometrically. The MIC of each compound against the five test species was determined by a previously described method (2). The MIC was chosen to be that concentration of antibiotic at which there was no growth overnight. The temperature of incubation for all species was 37°C, except for B. cereus, which was incubated at 30°C. Since the cobalt(III) complex was not soluble in water, its antibiotic effects were assessed by the filter paper disk method, as previously described (12) . Paper disks containing 20 il of chloroform solutions of the cobalt(III) complex were applied to agar plates, previously seeded with the test species. Nutrient agar plates were used for S. aureus; Trypticase soy agar (BBL Microbiology Systems) plates were used for B. cereus and S. faecium; and medium A plates were used for E. coli and S. typhimurium. All MICs reported are for aerobically growing cells.
Nitrogen-to-metal ratio in the metal complex. (17 MM, 95 Ci/mmol) into DNA by E. coli (10' cells per ml) at 37°C in the presence of 0.1 mM 2-deoxyadenosine to inhibit enzymatic conversion of thymidine into thymine (10) . The rates of synthesis of all macromolecules were determined simultaneously by an earlier procedure (17) . In (B) the effect of the free ligand on uptake of [2-'"Cjuracil (450 MM, 3.2 mCi/mmol) by E. coli (10' oxygen consumption by E. coli (Fig. 2) . A similar result was obtained with 2 mM KCN. The effect of the free ligand on glucose transport in E coli at room temperature was studied with the non-metabolizable analog [glucose-U-"4C]methyl a-D-glucopyranoside (a-methyl glucoside) (2 MM, 300 mCi/mmol), as described earlier (25) . Freshly grown E. coli in medium A, which was supplemented with 5 g of glycerol per liter instead of glucose, was washed and suspended to 3 x 10' cells per ml in the same medium without (NH4)2SO4. The free ligand at its MIC completely abolished uptake. We confirmed that 2 mM cyanide stimulated a-methyl glucoside transport when compared with control cells (25) . Another energy inhibitor, 2,4-dinitrophenol, was also shown to stimulate transport in the same study (25) .
In summary, the free ligand at its MIC completely inhibited protein, DNA, and RNA syntheses, a-methyl glucoside transport, and oxygen consumption in E. coli. However, at 12 MM free ligand RNA synthesis was preferentially inhibited when compared with DNA and protein syntheses. Stable RNA must constitute part of the total RNA whose synthesis was inhibited. The preferential inhibition of stable RNA synthesis, known as shift-down effect, is suggestive of the disruption of the cell's energy metabolism (18) . The well-known energy inhibitors, cyanide and 2,4-dinitrophenol, cause shift-down (18, 19 (24) . The bactericidal effect of the free ligand at its MIC against growing F. coli suggests that the nmode of action could be the inhibition of I)NA oIr cell wall syntheses or men3brane disr-uption (10) . Moreover, the bactericidal action against resting cells indicates membr ane disruption. The antibacterial circular oligopeptides of the tyrocidin and polymyxin families, known to cause interfe-ence with the structural and functional integrity of membranes (10) , are bactericidal against both growing and resting cells (7, 9, 21 
